In this experiment we (i) tested the hypothesis that, besides decreasing leaf C fixation, lime induced iron (Fe) deficiency increases root C fixation via PEP carboxylase and (ii) assessed the Fe-induced modifications in the elemental composition of plant tissues. Sugar beet plants were grown in nutrient solutions with Fe (45 µM Fe-EDTA; +Fe control) or in a similar nutrient solution without Fe (−Fe) and in presence of CaCO 3 (1.0 gL −1 ), either labelled with 13 C (20 at. %) or unlabelled. After 7 and 17 days from treatment imposition, plants were harvested and single organs analysed for total O, C, H, macro and micronutrients. 13 C abundance was also assessed in control, unlabelled and labelled −Fe plants. Iron deficiency caused significant growth reductions; chlorophyll and net photosynthesis decreased markedly in Fe-deficient plants when compared to the controls, whereas leaf transpiration rates and stomatal conductance were not affected by Fe deficiency. Iron deficient plants had leaf biomass with lower C (2 to 4%) and higher O (3 to 5%) concentrations than +Fe plants. The δ 13 C was higher (less negative) in +Fe than in −Fe unlabelled plants. Iron deficient plants grown in the nutrient solution enriched with labelled CaCO 3 absorbed a relatively small amount of labelled C, which was mainly recovered in the fine roots and accounted for less than 2% of total C gain in the 10 d treatment period. Evidences suggest that iron deficient sugar beets grown in the presence of CaCO 3 do not markedly shift their C fixation from leaf RuBP to root PEPC.
Introduction
Iron (Fe) deficiency is a widespread agricultural problem in many crops cultivated in alkaline, calcareous soils, where the availability of Fe is often insufficient to fulfill plant needs (Lindsay and Schwab, 1982) . Under Fe deficiency, Fe efficient dicots are able to improve Fe uptake by enhancing root ferric-chelate reductase (FCR) and ATPase enzyme activities and also by increasing the release of reductants into the rhizosphere (Römheld and Marschner, 1986 ).
An increase of root phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.41) activity upon Fe shortage has been reported to occur in some species (pepper, tomato, cucumber, sugar beet, kiwifruit; Abadía et al., 2002) . The enzyme PEPC catalyses the incorporation of bicarbonate (HCO − 3 ) into a C 3 organic acid, phosphoenolpyruvate (PEP), producing oxalacetate. Oxalacetate is then converted to malate by the enzyme malate dehydrogenase (Lance and Rustin, 1984) . This process is an important component of the pH-stat mechanism (Davies, 1973) . In sugar beet, a species tolerant to Fe deficiency chlorosis, PEPC specific activity increased up to 7-fold in Fe-deprived plants (Andaluz et al., 2002) . In kiwifruit, Fe deficiency-induced stimulation of root PEPC activity is associated to the genotypical tolerance to iron chlorosis . Since bicarbonate has long been considered the major causal factor of Fe deficiency chlorosis in calcareous soils (Mengel, 1994) , the HCO 3 − fixing enzyme PEPC has been proposed as a component of adaptive strategies of plants to cope with poor external Fe availability (López-Millán et al., 2000a; Rombolà et al., 2002) . Malic acid and other organic acids synthesized via PEPC activity could follow several fates, including long-distance transport to the leaves (Bialczyk and Lechowski, 1995) .
It is therefore possible that, due to PEPC stimulation, root fixation of inorganic carbon, which is normally negligible (only accounting for 1-2% of the total carbon fixed by plants through photosynthesis; Vapaavuori and Pelkonen, 1985) , may become relatively more important in Fe-deficient plants grown in calcareous soils, specially taking into account the decrease in Rubisco activity (López-Millán et al., 2000a; López-Millán et al., 2000b; Rombolà et al., 2002; Terry, 1980) . Due to the fact that the two enzymes responsible for the C fixation, Rubisco (RuBP) carboxylase and PEPC, differ in the degree of discrimination against 13 C, relative changes in the activities of these two enzymes would cause a modification of the δ 13 C of plant tissues (Lajtha and Marshall, 1994) : this is the rationale for explaining why the δ 13 C of C 3 plants is approximately −27 while C 4 plants have average values of −14 .
Previous studies (López-Millán et al., 2001 ) have demonstrated that Fe deficiency may alter the macro and micro nutrient composition of Beta vulgaris. The effect of Fe deficiency on carbon (C), hydrogen (H) and oxygen (O) have been poorly investigated, although modifications of their leaf levels as a consequence of chlorophyll, organic acids and sugars changes are likely.
The aims of this work were (i) to assess the effects of bicarbonate on the elemental composition of leaf tissues of the model plant sugar beet (Beta vulgaris) , and (ii) to quantify the contribution of the carbon deriving from bicarbonate to total plant C. For the latter objective we studied the variation in the natural abundance of 13 C of plants and performed a 13 C enrichment test.
Materials and methods

Plant growth conditions and treatment imposition
Sugar beet plants (Beta vulgaris L. hybrid Monohil, Hilleshög, Landskröna, Sweden) were grown in a growth chamber with a photosynthetic photon flux density (PPDF) of 350 µmol m −2 s −1 at a temperature of 25 • C, 80% relative humidity and a photoperiod of 16:8 h/light: dark. Seeds were germinated and grown in vermiculite for two weeks and then, for two additional weeks, in 3/8-Hoagland nutrient solution with 45 µM Fe. Plants were then transplanted into 20 L buckets (4 plants per bucket) and cultivated for 7 days in half-Hoagland nutrient solution (Zaharieva et al., 2004) with 45 µM Fe (III)-EDTA (Fe-sufficient, control treatment) or without Fe (Fe-deficient treatment). The pH of the iron-free nutrient solutions was buffered at approximately 7.7 by adding 1 mM NaOH and 1 g L −1 of CaCO 3 (Young and Terry, 1982) .
After 7 days, 5 plants of each treatment (0 or 45 µM Fe) were harvested. The remaining plants were then transferred to glass flasks filled with 2.8 L of nutrient solution (1 plant per flask). The flasks containing the roots were tightly sealed. A CO 2 -devoid air stream (obtained by bubbling air through a 1 M KOH trap) was supplied at the bottom of the flasks, and outlet air was collected from the top of the flasks and driven through plastic tubing out of the growth chamber. Calcium carbonate was supplied at day 7 to five randomly chosen Fe-deficient plants in the form of Ca 13 CO 3 (20 at. % enriched 13 C), whereas three plants received unlabelled CaCO 3 . An additional set of plants (controls) was maintained in CaCO 3 -free nutrient solution (with 45 µM Fe) in the same growth chamber, to check for any possible 13 C cross-contamination due to the experimental conditions. Nutrient solution level was replenished every day with fresh nutrient solution. Calcium carbonate generated a theoretical concentration of bicarbonate in the nutrient solutions of 1 mM. After 10 days of growth in the 2.8 L flasks (17 days after growing in +Fe and −Fe medium), plants were harvested.
Gas exchange measurements
Transpiration rate (E), stomatal conductance (g s ), net photosynthetic rate (P N ) and CO 2 internal concentration (Ci) were measured at 8 and 14 d from treatment imposition, with a portable gas exchange system (CIRAS-1, PP Systems, Herts, U.K.) and using a PLC broad leaf cuvette in closed circuit mode. Readings were made at the ambient CO 2 concentration (C a = 350 µL L −1 ) and relative humidity prevailing in the growth chamber that had a free volume of 5 m 3 and contained approximately 80 mmol CO 2 . Air renewal was 10 m 3 h −1 (correspondent to 160 mmol CO 2 h −1 ).
Given a leaf area of approximately 1 m 2 surface, plants removed 20-25 mmol CO 2 per h −1 . Measurements were made at a PPFD of 150-180 µmol m −2 s −1 PAR in both young and old fully developed leaves that had been illuminated previously for 3-4 h. Data presented are the mean of young and old leaves. Leaf chlorophyll was estimated non-destructively using a SPAD 502 portable apparatus (Minolta Co., Osaka, Japan).
Plant analysis
Plants were harvested at day 7 and day 17 and separated into absorption (fine) and reserve (main) roots, petioles and leaf blades. Roots were first washed for 1 min in a 5 mM HCl solution, and then rinsed in ultra pure water. The fresh weight of the different plant parts was measured, samples were dried in an oven at 60 • C and dry weights were determined. Samples were dry-ashed and dissolved in HNO 3 and HCl following the A.O.A.C. procedure (A.O.A.C., 1990) . The mineral composition of each plant fraction was determined as described previously by Abadía et al. (1985) . Nitrogen was determined with a NA2100 Nitrogen Analyser (ThermoQuest, Milan, Italy). Calcium (after La addition), Mg, Fe, Mn, Cu and Zn were determined by FAAS, K by FES and P spectrophotometrically by the molybdate-vanadate method (Abadía et al., 1985) .
Carbon (C), hydrogen (H), oxygen (O) and sulphur (S)
were measured with an elemental analyser (Carlo Erba 1108, Milan, Italy).
The abundance of 13 C was measured with an elemental analyser coupled to a mass spectrometer (Deltaplus ThermoFinnigan). The δ 13 C of plant organs deriving from +Fe (sufficient) and −Fe (treated with CaCO 3 ) plants collected at day 7 (before the addition of Ca 13 CO 3 ) was calculated as described by Lajtha and Michener (1994) . The abundance of 13 C in different plant parts collected at day 17 was used to calculate the amount of C derived from CaCO 3 in the media, according to the following equation: C from Ca 13 CO 3 = [Total C in the organ (mg) × ( 13 C abundance in the tissue − 13 C standard abundance)/( 13 C abundance in the Ca 13 CO 3 − 13 C standard abundance)]. Standard abundances of 13 C were determined for each plant fraction by analysing control plants grown without labelled C. Net plant C increments between day 7 and 17 were calculated by subtracting the average C amount of plants collected at day 7 from the average C plant amount determined at day 17. Net C assimilation by photosynthesis between day 7 and 17 was estimated by subtracting the amount of 13 C from the total C increment. Data were subjected to analysis of variance; standard errors (SE) of the means were calculated and reported in the tables.
Results
Plants grown in the absence of Fe and in the presence of CaCO 3 had lower Fe concentrations of fine roots and leaf blades at both sampling dates when compared to the Fe-sufficient controls (Table 1 ). The Fe concentration in petioles was lower in Fe-deficient plants than in the controls only at day 17, whereas Fe concentration of main roots was unaffected by the treatments at both sampling dates.
One week after imposing Fe deficiency, chlorophyll and net photosynthesis per leaf area unit drastically decreased when compared to the controls (Table 2). By this time, Fe deficiency caused a statistically significant (at p<0.05) reduction in the DW of fine roots (50.2%) and leaf blades (40.5%) ( Table 3) . After two weeks of growth under Fe deficiency, both leaf chlorophyll and net photosynthesis decreased further, but by then only main root DW was decreased by Fe deficiency (significant at P=0.09). No significant effect of Fe regime was recorded on leaf transpiration rates and stomatal conductance, whereas the internal CO 2 concentration was slightly higher in leaves from Fe-deficient plants than in the controls ( Table 2) .
The elemental composition of leaf blades was different in Fe-deficient and Fe-sufficient plants. Iron deficiency decreased C and increased O concentrations: this effect was already found at day 7 and was more pronounced at day 17 (Table 4) , when a 2-4% decrease of C concentration and a 3-5% increase of O concentration were detected (Table 4) . Leaf H, N, P and K concentrations in Fe-deficient leaves were lower than those of the controls both at 7 and 17 d (Table 4) . A second group of macro-elements, Ca and Mg, had higher leaf concentrations in Fe-deficient than in control plants (Table 4) . Leaf S and Mn were not affected by treatments, whereas leaf Zn concentration decreased and leaf Cu increased with Fe deficiency (Table 4 ). δ 13 C values of roots and leaf blades as well as the average plant δ 13 C values were higher (less negative) in +Fe plants than in −Fe ones (Table 5 ). While there was no a clear trend of δ 13 C among plant organs of Fe-sufficient plants, progressively lower values were found in Fe-deficient plants passing from the fine roots to the main roots, petioles and leaf blades (Table 5) .
When analysed at the end of the labelling period, each single organ of -Fe plants grown with labelled Ca 13 CO 3 increased its 13 C abundance (Table 6), which was particularly high in fine roots and secondarily in main roots; leaf blades and petioles showed enrichment values only slightly above the natural abundance (Table 6) . From the enrichment values we were able to calculate the amounts of labelled (root) C uptake from the nutrient solution, which averaged 18 ± 5 mg C plant −1 : most labelled C was recovered in the fine roots (84%), with main roots and leaf tissues accounting only for 10 and 6% of the total, respectively.
Discussion
Iron deficiency induced marked decrease of Fe and chlorophyll concentrations in leaves and also in leaf net photosynthetic rates. Leaf Fe concentration in Fedeficient leaves was approximately 70 µg g −1 DW, a value similar to those found previously in Fe-deficient sugar beet (López-Millán et al., 2001 ). In Fe-deficient plants, however, the growth of leaves was less affected than that of the main roots. Furthermore, leaf growth was only slightly affected by a 17 d Fe deficiency stress, in good agreement with previous data found by Terry (1979) . Conversely, main root DW decreased with Fe deficiency by 40% after 7 d and by 53% after 17 d. In contrast to sugar beet, other species such as grapevine subjected to Fe deficiency showed a larger growth restriction in aerial parts than in roots (Gruber and Kosegarten, 2002) . The different behaviour of sugar beet may be due, among other reasons, to the role of reserve (mainly sucrose) accumulation that occurs in the root system of this species.
Iron deficiency increased leaf O concentration and decreased leaf C concentration, causing an increase of the O/C ratio from 0.97 to 1.10. This finding is an indication of severe change on leaf metabolism due to Fe deficiency: evidences provided and data from the literature indicate that Fe deficiency causes a severe decrease in chlorophyll and an increase in organic acid concentrations. Even if chlorophyll is a carbon-rich molecule and organic acids have high oxygen content, the change in O/C ratios cannot be simply explained by considering these modifications. In fact, organic acids only account for 4 and 6% (López-Millán et al., 2001 ) and chlorophylls may represent only 0.7 and 0.2% of the total DW in Fe-sufficient and Fe-deficient leaves, respectively. The increase in O/C ratio is therefore likely to be associated with a decrease in the ratio of protein to structural components, such as cellulose, lignin and others. Proteins are less rich in O and richer in C than carbohydrates and structural compounds such as cellulose and lignin. For instance, Fe deficiency is known to decrease chloroplast proteins, whereas the cell wall structure is less affected (López-Millán et al., 2001) . Terry (1980) showed that Fe stress has no effect on the number of leaf cells per unit area, average leaf cell volume, number of chloroplasts per unit area and leaf soluble protein per Table 3 . Effects of Fe deficiency on the biomass of different plant parts (in mg DW plant −1 ) (data refer to unlabelled plants and are means ± SE) (n = 5 at day 7 and n = 3 at day 17). leaf area. Conversely, the withdrawal of Fe from the nutrient solution diminished chloroplast volume and protein N per chloroplast. The rationale for studying the 13 C natural abundance of Fe-deficient plants supplied with CaCO 3 laid on the fact that a marked increase of the relative contribution of the PEP carboxylase as compared to the RuBP carboxylase fixing enzyme in −Fe plants would have caused higher (less negative) values of δ 13 C as a result of the different degree of discrimination described for these two enzymes in relation to CO 2 : δ =−29 for RuBP and −6 for PEP (Lajtha and Michener, 1994) . Data presented in Table 5 clearly reject this hypothesis; values were in general lower than those reported for C 3 plants (−27 ) and a slightly higher (less negative) δ 13 C for +Fe plants than for −Fe plants was recorded. Variation between δ 13 C values in plant organs depends on the balance between the two main limitations to C fixation in the leaves: atmospheric CO 2 diffusion and the RuBP fixing enzyme (Lajtha and Marshall, 1994) . We can therefore hypothesise that CO 2 uptake, especially in −Fe plants, was mainly enzyme-limited and that almost only the RuBP fractionation occurred, thus yielding lower δ 13 C values.
The slightly lower values of δ 13 C, indicating a higher discrimination of −Fe plants, could also be attributed to the higher values of intercellular concentration of CO 2 (c i , Table 2 ) recorded at both day 7 and day 17. It is in fact likely that when c i increases (as in −Fe plants) there is a higher probability that enzymatic reaction involved in C fixation discriminates against 13 CO 2 .
By labelling the HCO − 3 in the nutrient solution with 13 C (20 at. %) we could quantify that an average of 18 mg C plant −1 were taken up and fixed during the 10 d period, while the estimated total C increase of 13 C treated plants was 1.0 g C plant −1 . Although The effect of treatment was significant at p≤0.05; the effect of organ and treatment X organ interaction were not significant. we used a relatively high 13 C abundance, it might be possible that some degree of discrimination against the heavier C isotope could have occurred, therefore leading to some underestimation of the total C fixed by the roots. We found only a small increase in 13 C abundance in the aerial parts of sugar beet, while most C deriving from root uptake of H 13 CO − 3 remained in the fine roots.
In spite of the clear adverse effect on plant growth, leaf chlorophyll and net photosynthesis, Fe deficiency did not affect transpiration rates and stomatal conductance. Consequently, the water use efficiency (water loss to CO 2 fixed) was much lower in Fe-deficient plants than in Fe-sufficient plants. These findings, in line with those reported by Larbi et al. (2004) , are of great importance considering the shortage of water for irrigation that several Mediterranean areas are facing and that will become more severe in the next future. In this respect, sustainable means for overcoming Fe chlorosis are needed to maintain high water use efficiency in crop production.
Data suggest that Fe deficiency does not trigger a signal of stomata closure, but depresses the RuBP carboxilation activity, thus causing an increase in the intercellular CO 2 concentration. Maintaining a normal water flow through the stomata could represent a mechanism of temporary adaptation of sugar beet plants under Fe deficiency, aimed to replenish the shoot with carbon compounds (e.g. organic acids and amino acids) transported by the xylem. This process could permit the maintenance of basic processes such as growth and respiration in Fe-deficient leaves with markedly decreased leaf photosynthetic rates (López-Millán et al., 2000b) . Since it is well-known that the development of Fe chlorosis mainly depends on soil conditions, like water content, which vary over time, it is likely that plants would benefit from mechanisms that enable them to tolerate temporary conditions of Fe deficiency.
In summary, we have found that Fe deficiency in sugar beet leads to a decrease of leaf chlorophyll and net photosynthesis, but does not affect leaf transpiration. Iron deficiency caused a change in plant metabolism with an increase of those compounds relatively rich in O and depleted in C, a result that might open the possibility that O/C ratio could be used as a rapid tool for early diagnostic of Fe deficiency. Evidences from the 13 C natural abundance and the 13 C enrichment studies do not support the hypothesis that iron deficient sugar beets grown in the presence of CaCO 3 shift their net C fixation from leaf RuBP carboxylase to root PEPC. On the other hand, robust evidences Rombolà et al., 2002) indicate a marked enhancement of PEPC activity under Fe deficiency conditions. We have not quantified the C lost through root and shoot respiration or released into the hydroponic solution in the form of labelled organic acids, although López-Millán et al. (2000a) have shown that root respiration is markedly increased in Fe-deficient sugar beet roots. Therefore from our results it is still premature to dismiss the possibility that 13 C fixation is enhanced in sugar beet roots.
